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1. INTRODUCTION

1.1 Background

Due to the high acoustic levels in the Space Shuttle orbiter payload bay, the
final dynamic testing of orbiter payloads is usually accomplished using random
acoustic excitation. This is appropriate for payloads with large exterior
surface areas, since the vibration environment induced by acoustic impingement
on the exposed surfaces dominates the structureborne vibratory energy
transmitted through the payload attachment points from the orbiter vehicle, at
least at frequencies above about 50 Hz. For smaller payloads, however, this
is not always true, particularly for payloads with open truss structures or
other exterior surfaces that have dimensions smaller than the wavelengths of
the payload bay acoustic pressure field. 1In such cases, it is probable that
the vibration transmitted through the attachment points from the orbiter
structure will dominate the acoustic-induced vibration levels, meaning that
the payload will be undertested by conventional acoustic tests, at least at
frequencies below 300 Hz where the acoustic wavelengths at lift-off are in
excess of 4 ft. Hence, direct mechanical vibration at the payload attachment
points becomes necessary to test these payloads properly for their dynamic

environment.

Mechanical vibration tests for space vehicle payloads were introduced in the
late 1950's and were widely employed by both NASA and USAF, and their
contractors, into the 1970's. Such testing techniques for full-scale payloads
started yielding to acoustic tests in the late 1970's, at least at frequencies

above 50 Hz, for three important reasons:

(a) It was assumed (sometimes incorrectly) that the payload vibration
environment was due primarily to direct acoustic excitation rather than

structureborne excitation through the payload attachment points.

(b) Acoustic test facilities became available which could provide the needed

acoustic levels for testing purposes at reasonable cost.




(c) Accurate vibration testing of payloads exceeding a few hundred pounds in
weight was not feasible due to the inability of vibration testing
shakers to match the impedance of the actual structure to which the
payload was attached in service. This problem was aggravated by the
fact that some payloads have multiple attachment points with different

vibration levels and source impedances.

The last noted problem is one that still restricts the ability to perform
accurate vibration tests on entire payload assemblies today. Since there is
clearly a need to perform vibration tests on certain types of small payloads

where acoustic tests are not appropriate, a resolution to this testing machine

interface impedance problem is needed.

1.2 Technical Discussion

A number of basic documents such as References 1 through 3, that summarize
general procedures for arriving at vibration tests specifications for
spacecraft and their components, have been published over the years. Beyond
these basic documents, literally hundreds of other technical papers have been
published on the subject. An underlying problem acknowledged in many of these
documents and papers is the interface impedance and multiple attachment point
problem inherent in the vibration testing of large structural assemblies such

as spacecraft or other space vehicle payloads.

The interface impedance problem evolves from the fact that the vibration input
at payload attachment points depends heavily upon the detailed dynamic
characteristics of the payload and the structure to which it attaches. Using

mechanical analogies to Morton's theorem, the problem can be illustrated using

the circuit shown in Figure 1 where

F(f) = Fourier transform of the force applied to a structure with a
mounting point impedance of Zs(f) - F(f)/VS(f)
Vg(f) = Fourier transform of the velocity response of the unloaded

structure




(a) Unloaded

Zyt)
l Cglh)
Eg) C%
(b) Loaded
Z(1)
clf)
Eg(D)
Zp(h)

FIGURE 1. EQUIVALENT ELECTRIC CIRCUITS FOR UNLOADED AND LOADED
MOUNTING STRUCTURE - PAYLOAD VELOCITY LEVELS.




V(f) = Fourier transform of the velocity response of the structure
loaded with a second substructure (payload) having a driving

point impedance of Zp(f),

The force and velocities for the unloaded structure in Figure 1(a) are related

by
F(f) = V (£)Z (f) (1)

When a load with a driving point impedance of Zp(f) is introduced, as shown in

Figure 1(b), the force and velocity relationship is
F(£) = V(D) [Z5(E) + Z,()] (2)
It follows from Egqs. (1) and (2) that

Vg (£)Zg(£) = V(E) [Z5(£) + Z,(D)] (3)

which may be written as

VIE)/Vs(£) = 1/[1 + Z,(£)/Z4(5)] (4)

It is clear from Eq. 4 that the interface velocity between the mounting
structure and the payload is a function of the mounting point impedance, as
well as the payload impedance. In particular, at the resonance frequencies of
the payload, where Zp(f) becomes very large, the velocity of the mounting
structure is reduced. However, vibration test specifications, which generally
represent an envelope of the free mounting structure vibration levels, do not
allow for this reduction in vibration level at the resonance frequencies of
the payload; they essentially test the payload as if the source impedance,

Zs(f) » Zp(f), which may not be true in practice.

Throughout the research and analyses described in this report it has been
assumed that the structure of the orbiter, the adaptive payload carrier, and
the payload are linear. This linearity assumption implies that the deflection

of any point is directly proportional to the magnitude and direction of the




applied force, and that the damping is small and may be represented by an
equivalent viscous or hysteretic damping. These are common and well justified
assumptions for most aerospace structures. A feature not covered by the
linearity assumption is the presence of gaps or clearances at the attachments
of the Adaptive Payload Carrier (APC) to the orbiter sidewall. These gaps
allow the APC to rattle; the influence of the gaps on a vibration test

procedure will be investigated in the Phase II effort.

1.3 Testing Procedures

In practice, direct mechanical vibration tests of large test articles, like
space vehicle payloads, are usually performed using either an electrodynamic
or hydraulic driven shaker which has an output impedance that bears little
resemblance to the output impedance of the structure to which the payload
attaches in service. More importantly, it has been traditional to specify
vibration test criteria in terms of a shaker table motion, usually stated in
terms of an acceleration spectral density (in gz/Hz) as a function of
frequency. An equalizer system in the shaker control system then adjusts the
input power to the shaker to whatever value is needed to maintain the
specified table motion. This is essentially forcing the shaker to appear as
if it has an infinite output impedance; i.e., the test item does not load the
shaker table nor does its presence cause the shaker to change its vibratory
motion. The result is often severe overtesting of the test article,

particularly at the resonance frequencies of the test article.

Many approaches have been proposed over the years to deal with this inherent

problem in mechanical vibration testing, including the following.

Force-controlled vibration testing.

Testing of the test article on its support scructure.
"Notching" of the specified test levels,

Testing with multiple mode test fixtures,

Response-controlled testing.

[« T R S O e

Analytical corrections for the interface impedance.




Vibration testing based on specified input forces rather than input motions
would alleviate the interface impedance problem, but this approach requires an
accurate prediction of the input forces from the support structure, which is
not the customary way of predicting vibration environments. The procedure
would also require the use of force transducers between the shaker table and
test article during testing, which is more complicated than controlling the

motion of the shaker table.

Mounting the test article on its natural support structure and testing the
entire assembly is a viable approach for relatively small components, but is
generally impractical for Space Shuttle payloads since it would require a
dynamically-accurate physical mode of the orbiter in a test facility that

could reproduce the lift-off acoustic loads.

"Notching" of the specified test levels means that the shaker table vibration
levels are allowed to decrease below the specified test levels at frequencies
where the test article displays resonant responses. This procedure is

somewhat arbitrary and, hence, allows for the possibility of undertesting.

Testing with a multiple mode test fixture that simulates a general multi-mode
support structure was originally proposed in Reference 4. Like notching, the
procedure is somewhat arbitrary since the test fixture impedance will not
necessarily represent the mounting point impedance for the test article in

practice.

Response-controlled testing is the most common approach employed at this time
to suppress the overtesting that may result due to the interface impedance
problem. References 5 and 6 present early arguments for response-controlled
testing, which has since been recommended for the testing of relatively heavy
aerospace payloads (such as externally carried aircraft stores) in MIL-STD-
810C. Such an approach for Space Shuttle payloads is restricted by the fact

that payload response environments are not well defined.

The use of analytical corrections to vibration test specifications that will
account for the interface impedance has historically reduced to little more

than mass law corrections which do not really solve the problem. 1In this




respect, it is often argued that one rarely has sufficient knowledge of the
mounting point impedance of the support structure to justify any action beyond

a mass law correcztion with "notching" at test article resonances.

Although none of the preceding approaches has been fully successful in
eliminating the interface impedance problem in general vibration testing, the
premise of the present study is that one or more of the approaches might be
effective in dealing with the problem for the specific case of Space Shuttle

payloads, for two reasons:

1. The Space Shuttle presents a relatively small number of mounting point
impedance functions for payloads, and these impedance functions can be

measured.

2. Most mechanical vibration testing today is accomplished using computer
controlled shakers which allow enormous flexibility in the design of

test levels.

Hence, a thorough study has been performed of possible procedures for
specifying accurate mechanical vibration tests of Space Shuttle payloads,
which properly account for the mounting point impedance problem. The study
has the objective of improving payload vibration test procedures for those
Space Shuttle payloads (generally the small, sidewall-mounted payloads) where
the vibration environment is dominated by the structureborne transmission of

energy from the orbiter through the payload attachment points.

1.4 Response Functions

The fundamental presentation given in Section 1.2 is in terms of mechanical
impedance Z(f), which is defined as the ratio of excitation force to response

velocity

Zp(£) = F(£)/V(E) (5)

The inverse of the impedance is the mobility function Y(f). Equally well, the

response could be presented in terms of the apparent weight wp(f)




Wo(£) = F(£)/A(E) (6)

where A(f) is the Fourier transform of the interface acceleration a(t),
measured in g units. The reciprocal of the apparent weight is the inertance

I(f). These parameters are interrelated, for example

V() Vg(E) = (1 + 2,(£)/2,(£)]) !
= (1 + W () M (£))7]
- A(£) /A (£) 7)

The parameters are used essentially interchangeably in this report.

1.5 Report Organization

The report is divided into the main text and a number of appendices. Section
2 of the report presents the results of a literature search for documents
associated with vibration test procedures and outlines the three procedures
selected for study. The procedures are motion correction, blocked force-limit
and apparent-weight-simulation. Most of the characteristics associated with
the impedance problem are illustrated in Section 3 by means of the analysis of
a l-dof payload on a simple panel. Then Section 4 discusses a finite element
analysis of an OASIS-1 payload attached to the sidewall of the Space Shuttle
payload bay.

Sections 5 through 8 present the results from a variety of experiments.
Impedance measurements were made on the sidewall structure of Shuttle orbiter
OV-101 (Enterprise); the results are presented in Section 5. In laboratory
studies, a simple stiffened panel and a multi-dof payload were tested with
reverberant acoustic (Section 6) and mechanical vibration (Section 7)
excitations. The results from these two tests are evaluated in Section 8.
Then, conclusions from Phase I and recommendations for Phase II are given in

Section 9,

Four appendices are attached to the report. Appendix A presents short reviews

of 66 documents reviewed as a result of the literature search. Appendix B




contains data from the OV-101 impedance measurements. Appendix C presents
data from the acoustic excitation tests on the simple panel and Appendix D

contains data from the vibration (shaker) tests on the simplified payload.




2.0 DISCUSSION OF APPROACHES

The study began with a thorough literature search and review of prior
investigations of the mounting point impedance problem in mechanical vibration
testing. Various references were evaluated in the specific context of
possible vibration testing procedures appropriate for Space Shuttle orbiter
sidewall-mounted payloads. From these evaluations, candidate procedures were

selected for experimental investigations.

2.1 Literature_ Survey

Using primarily the STAR and DIALOG information services, a total of 64
references were identified that directly relate to the mounting point
impedance problem in mechanical vibration testing. These references are
listed with brief summaries in Appendix A. It is seen in Appendix A that the

references are divided into six broad categories, as follows:

(a) General References - 24

(b) Input Force Control Procedures - 12
(c) Response Control Procedures - 9

(d) Impedance Correction Procedures - 7
(e) Impedance Simulation Procedures - 7

(f) Acoustic Testing Procedures - 5

It should be emphasized that the above division of the references is very
general and many of the references actually suggest procedures that fall into

two or more of the noted categories.

After a preliminary review of the references, several approaches were
immediately discarded as being inappropriate for Space Shuttle sidewall-

mounted payload applications. These immediately-discarded approaches were:

1. Those input force control procedures that require the use of force gages
between the test item and its supporting structure or the shaker (e.g.,
Appendix A, [2-5]) were not considered practical because reliable

transducers that will measure a net force into a test item with multiple
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attachment points are not readily available. However, those input force
control procedures based upon estimated input forces, using input
acceleration and impedance measurements, or the armature current in an
electrodynamic shaker, were viewed as practical and received further

consideration.

Those response control procedures that require actual response
measurements on the payload in service (e.g., Appendix A, [3-3]) were
not considered practical for Space Shuttle applications since most
Shuttle payloads represent unique designs. However, those response
control procedures that use calculated response limits were viewed as

practical and received further consideration.

Impedance simulation procedures involving mechanical devices (special
fixtures) have shown some promise at the higher frequencies where the
modal density of the mounting structure is high (Appendix A, [5-6]), but
the technique is not effective at the lower frequencies of interest for
Space Shuttle applications. However, electrical impedance simulation in

the shaker was considered practical and received further consideration.

To be effective and accurate for Space Shuttle applications, the
acoustic testing approach would require a detailed mechanical model of
the orbiter sidewall structure, and an acoustic test facility that is
large enough to enclose the sidewall model and simulate orbiter lift-off
acoustic levels. Very few contractors have the capability to build and
operate such a test facility and, hence, this approach was not

considered further.

Those references covering the approaches considered viable were studied

further to arrive at a final selection of candidate procedures. Actually, the

final selection of candidate procedures was not made until after extensive

parametric studies of simple computer models (covered in Section 3), and

discussions with the Air Force contract monitors. The final selection

involves three approaches, which will henceforth be identified as follows:

11




1. The motion correction procedure.
2. The blocked force limit procedure.

3. The apparent weight simulation procedure.

In each of the above listed procedures one common simplifying assumption is
made; the motion of the structure at the payload mounting points can be
represented by a spectrum (in each direction) at a single reference point, and
the payload will be tested on a shaker table having uniform motion at all
attachment points. This assumption reduces the complex, multi-degree-of-
freedom motion of the mounting point and payload to rectilinear motion in the
3 principal axes. The assumption is justified by its success in many years of
environmental testing experience, and by the lack of a credible and feasible
procedure to do otherwise. Procedures for the determination of equivalent
single point impedances (or mobilities, inertances, apparent weights) for
payloads and structures with multiple attachment points are given in Section

7.4,

2.2 Orbiter Sidewall Vibration Test Specification

Before detailing the candidate vibration testing procedures, it is important
to review the current vibration test criterion for Space Shuttle orbiter
sidewall-mounted payloads, and the manner in which it may lead to the severe
overtesting of payloads. The applicable test specification is SD-CF-0206 [7].
The specific vibration test criterion in terms of an acceleration auto (power)
spectral density function at the mounting points of the payload is shown in

Figure 2.

The vibration test levels shown in Figure 2 were arrived at by enveloping a
collection of autospectra for vibration measurements made on the Space Shuttle
orbiter sidewall during five separate STS launches, as summarized in Table 1.
The full details of the measurements are available from the NASA "DATE"
reports for those launches. Most of the measurements were made on "hard"
structure near the mounting points of payloads or orbiter equipment. The test
level was arrived at by drawing three straight lines on log-log paper that
exceeded at each and every frequency the highest spectral density value of the

22 vibration measurements shown in Table 1. This approach is consistent with
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Table 1. Summary of Vibration Measurements Used to Generate the Test

| VO8D9249 | x |
I V08D9250 I y I
I V08D9251 I z I
I V08D927 3 I x I
I V0O8D9274 I x I
I v08D9335 I y I
I V08D9336 I x I
I VO8D9337 I z I
I V08D9342 I x I
I V08D9343 I y I
I VO8DI344 I z I
I VO8D9345 I x I
I VO8D9346 I y I
I V08D9347 I z I
I V08D9349 I y I
I V08D9353 I z I
I V0O8D9354 I y I
I V08DY9355 I z I
I V08D9387 I x I
I v08D9388 I y I
I V08D9389 I z I
I V08D9924 I x I

1187,
1187,
679,

679,

679,

1070,
1070,
1070,
1069,
1069,
1069,
908,

910,

1200,
1200,
1183,
1183,

1183,

Criteria in SD-CF-0206.

-35, 357
14, 428
14, 428

-96, 409

-96, 409

-96, 409
75, 419
75, 419
75, 419
-85, 414
-85, 414
-85, 414

-105, 410

-105, 409
94, 409
94, 409
95, 409
95, 409

95, 409

OSTA-1 meas. shelf, LH*
OSTA-1 meas. shelf, LH
OSTA-1 meas. shelf, LH

DFI pallet beam, LH

LH Manipulator
LH Manipulator

I

|

I

|

I

I

I

I

DFI pallet beam, LH |
I

|

I

I

I

LH Manipulator |
I

Payload attach. structure|

Payload attach. structure|

I

I

I

I

|

I

I

I

I

|

I

I

I

I

|

|

I

I

I

I

| Payload attach. structure|
| I
| Payload attach. structure|
I |
| Payload attach. structure|
I |
| Payload attach. structure|
|

| Longeron LH

|

| Longeron LH

I

| Longeron LH

I

| Longeron LH

I

| Adjacent to payload att.
I

I

|

I

I

I

Adjacent to payload att.

Adjacent to payload att.

Longeron-pres. hull att.

*LH - Left hand side
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traditionally accepted practices for deriving vibration test specifications

for aerospace vehicle components [8].

When applying the test criterion in Figure 2, or any similarly derived test
specification, it is understood that the actual vibration spectrum that the
payload will see when mounted on the orbiter sidewall (referred to hereafter
as the service vibration input), will have peaks and notches, as illustrated
in Figure 3. Hence, the service vibration input to the payload will be very
much less than the specified vibration at most frequencies. This overtesting
at most frequencies is usually justified as a necessary conservatism to assure
that undertesting does not occur at those frequencies where the service
vibration spectrum has a peak approaching the test specification envelope. It
is further argued that it must be assumed that a spectral peak in the service
vibration input might occur at any frequency, since the specification covers

many different payloads and payload mounting locations.

It is true in applying a general vibration test specification, like SD-CF-
0206, that it is not possible to predict the frequencies where spectral peaks
in the service vibration input will occur for all payloads and payload

mounting points. However, it is possible to predict the frequencies where

spectral peaks in the service vibration input will not occur. Specifically,
unless the mounting has an infinite apparent weight, there will be a spectral
notch, rather than a peak, in the service vibration input spectrum at all
frequencies where the payload has a significant resonance. This simple fact
follows directly from the following relationship developed in Section 1, where
it is assumed that the payload and mounting structure can be represented by

single point values.

Gan(E) / Ggg(E) = |1 + (W (£)/u (£))] 2 (8)

where
Gpp(f) = autospectrum of service vibration input with payload present
Ggg(f) = autospectrum of service vibration input without payload present
Wp(f) = driving point apparent weight of payload (looking into the

payload from its mounting points.)
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W, (f) = source apparent weight of payload mounting structure (looking

into the mounting structure from the payload mounting points.)

It is clear from Equation 8 that the spectrum of the service vibration input
to the payload, Gap(f), is going to be significantly reduced relative to the
unloaded service vibration level, Gss(f), at those frequencies where the
payload driving point apparent weight Wp(f), becomes large relative to the
mounting structure source apparent weight, Ws(f). The frequencies where Wp(f)
becomes large are the resonance frequencies of the payload. Furthermore, the
specified vibration test spectrum is essentially equivalent to an envelope of
maximum values of the unloaded source vibration spectrum, Gss(f), as will be
demonstrated in Section 3. It follows that the most severe overtesting occurs
at those frequencies (payload resonance frequencies) were the damage potential

to the payload is highest.

The above points are well known to all experienced vibration test engineers
and technicians. 1In fact, most such engineers and technicians probably have
witnessed a vibration test where a perfectly acceptable test item (or a

shaker) was destroyed by attempting to impose a specified motion input at a
frequency where the test item had a strong (high apparent weight) resonance.
The purpose here is to formulate a testing procedure that will suppress this
extreme overtesting at resonances of test items consisting of Space Shuttle

orbiter sidewall-mounted payloads.

2.3 Basic Reaquirements

2.3.1 Source Apparent Weight Data

All the candidate procedures selected for further study require a knowledge of
the source apparent weight of the payload mounting structure. For more
general applications, this would restrict the usefulness of the procedures
since source apparent weight characteristics vary widely for all possible
mounting structures for test items, and source apparent weight data are
difficult to acquire for all test items of interest. However, for the
application of interest here (Space Shuttle orbiter sidewall-mounted

payloads), there are only a limited number of mounting points, all of which
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are structurally similar. The source apparent weight is determined at each
mounting point and the weights for all mounting points are combined, by the
procedures described in Section 7.4, to estimate an equivalent single point
apparent weight. It is therefore feasible to determine source apparent
weights for the test items of concern, and this was done as part of the study,

as described in Section 5.

2.3.2 Force Measurements

All three of the candidate procedures also require, at some point, a
measurement of the interface force into the payload. Since procedures
involving force transducers were ruled out in the preliminary evaluation of
procedures, the approach chosen was to use the shaker armature current as a
measure of force. Specifically, it is assumed (and later verified) that the

interface force delivered to a payload by the shaker table is given by

F(£) = R(£)C(£) - (W, + Wp)A(E) (9)

where
F(f) = interface force delivered to a test item in 1b.

C(f) = armature current in amps.

W, = weight of armature and shaker table in lb (assumed to be rigid)
Weg = weight of fixture attached to shaker table in 1lb (assumed to be
rigid).

A(f) = acceleration response of fixture on shaker table in g's

K(f) = calibration factor in lb/amp.

As indicated earlier in Section 1, F(f), C(f) and A(f) are Fourier tiansforms
of the force, current and acceleration, respectively. Note that all terms in
Equation 9 are complex numbers except for the weights of the armature (W) and
the fixture (Wg). Further note that Eq. 9 applies only at frequencies well
below the first resonance frequency of the shaker armature and any fixture.
Final, it should be mentioned that Eq. 9 may not be strictly applicable to
some of the larger Unholtz-Dickie shakers where the translation of armature

current to electromagnetic force is not linear.
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With no payload attached to the shaker, and known armature and fixture

weights, it follows from Eq. 9 that
C(E) = [(W, + We)/K(E)]JA(E) = WpA(E) /K(E) (10)

where WT denotes the total weight (in 1b) of the moving elements of the
shaker, armature and fixture. Hence, the determination of K(f) may be

accomplished as follows:

1. Firmly bolt a relatively heavy but rigid fixture (a dead weight) to the
shaker table and accurately determine its weight, Wf, as well as the

weight of the armature and table, Wa.

2. Apply random excitation to the shaker table and simultaneously measure
the acceleration response, a(t) in g, of the fixture, and the current, r
c(t) in amps, applied to the shaker armature.

3. Compute the Fourier transforms of a(t) and c(t) to obtain A(f) and C(f).
4. Compute the frequency response function between c(t) and a(t) given by
H(E) = Gep(£)/Cog(E) (11)
where

Gop(f) = 2 E[C(f) A*(f)]/T = cross-spectral density function
between c(t) and a(t).

Gcc(f) = 2 E[C(f) C*(f)}/T = autospectral density function of c(t).

5. Calculate the calibration factor K(f) from
K(f) = (W, + We)H(f) = WrH(E) (12)
6. To check the linearity of the relationship between c(t) and a(t),

compute the coherence function given by
Y2(E) = |Gea(E)12/16oc(E)Gan(£)] (13)
where

GAA(f) = 2 E[A(f) A*(f)]/T = autospectral density function of a(t)

19




and all other terms are as defined in Eq. 11. The coherence function

should be 72(f) > 0.99 at all frequencies.

The above calibration procedure need only be applied once to a given shaker,

but each different shaker to be used for vibration testing purposes will have

to be separately calibrated.

2.4 Candidate Procedures

2.4.1 Motion Correction Procedure

The first candidate procedure selected for experimental study is a direct

application of Eq. 8. The information required to implement this procedure is

as follows:

(a)

(b)

The equivalent single point apparent weight of the payload, Wp(f), as
seen by a shaker with rectilinear motion.

An equivalent single point apparent weight, W.(f), of the mounting
structure (in this case, the orbiter sidewall), associated with motion

in the same direction as for (a) above.

The test procedure would be as follows:

Determine the net driving point apparent weight of the payload, by

procedures to be detailed later.

Using the measured net driving point apparent weight of the payload and
the source apparent weight of the mounting structure given in Section 9,
calculate a corrected autospectrum for the vibration test level, GAA(f),
from Eq. 8, where Ggg(f) is taken to be the specified autospectrum in

Figure 2; i.e., GTT(f) - Gss(f).

Attach the payload to the shaker and apply a broadband random excitation

that is well below (by at least 20 dB) the specified test levels in
Figure 2.
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Identify all major resonant frequencies of the payload (this can be done
either on the shaker or from the driving point apparent weight data

determined in Step 1).

At each frequency of a major payload resonance, allow a "notch" in the
specified test levels in Figure 2 equal to the ratio Gss(f)/GAA(f)

computed in Step 2.

Now bring the shaker vibration levels to the full values in Figure 2,
except for the frequencies of major payload resonances where notches are

allowed to an extent no greater than given by Eq. 8.

The above motion correction procedure is simply a controlled version of the

usually "notching" procedure that is commonly allowed in both sinusoidal and

random vibration test specifications. The singular advantage of the procedure

is that it can be executed using present vibration test system equalizers

based only upon shaker table motion measurements. There are a number of

disadvantages, as follows:

The procedure requires an additional test to measure the driving point

impedance of the payload.

A personal judgment is required to identify those payload resonances

that should be considered sufficiently important to warrant notching.

Since the notching criteria are determined at a level below the final
specified test level, there is a possibility of errors if the payload

resonant response is significantly nonlinear.

Because most payloads have multiple attachment points, measurements of the

individual mounting point apparent weights are not sufficient to determine

accurately the effective single-point apparent weight. Procedures described

in Section 7.4 show that it is necessary to measure the individual and cross

impedances (or mobilities, inertances, apparent weights) in order to estimate

that quantity. Such measurements, and the ensuing calculations, require

considerable time, instrumentation, and data processing capability. There is,
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however, an effective and accurate method to measure the single point apparent
weight or inertance of the payload directly when mounted on a shaker table.
For both theoretical reasons [Appendix A, 2-10] and signal-to-noise problems,
it is actually desirable to measure the reciprocal of apparent weight, called

inertance, I(f), defined as

I(£) = Gpa(£)/Gpp (14)
where

GFA(f) - cross-spectrum between interface force and shaker table

acceleration.

Gpp(f) = autospectrum of shaker table interface force.
From Eq. 9,

Gpa(£) = 2E[F(£)AX(£)]/T = 2E[[(K(£)C(E) - WrA(E)]Ax(£)]/T

= K(£)Gp () - Wr Gpp () (15)

and

Gpp(f) = 2E[F(£)F*(£)]/T = 2E[[K(£)C(E) - WpA(E) J[K*(£)C*(£) - WpAx(£)]])/T
= |K(£)|260a(E) + Wp? Gua(£) - 2 Wy Re[R(£)Gey(£)) (16)

The inertance of the payload can be measured by the following procedure:

1. Attach the payload to the shaker and apply broadband random excitation

at a level at least 20 dB below the test specification.

2. Compute the cross-spectrum between the shaker armature current and the

table vibration, GCA(f)

3. Compute the autospectra for the shaker armature current and table

acceleration, Gcc(f) and GAA(f).

4. Finally, compute the payload inertance function, I(f), using Eqs. 14
through 16.
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The choice of shaker table vibration levels for the payload inertance
measurements is based on a careful and considered balance of several factors.
The level must be high enough to ensure that there is an adequate signal-to-
noise ratio in all sensors, yet not too high so as to cause excessive
vibration and potential damage to sensitive component elements at payload
resonances during the preliminary testing. It is believed that a level
approximately 20 dB below the vibration test specification will satisfy these
requirements. As stated earlier, this phase of the work is conducted under
the overall assumption that the system is linear, and that resonant

frequencies and frequency response functions will not change with level.
2.4.2 Blocked-Force-Limit Procedure

This approach is based upon limiting the specified shaker vibration test

levels such that the interface force, as monitored using the shaker current,
is never alloweu co exceed the so-called "blocked force". The blocked force
is that force which would make the source vibration response of the unloaded
mounting structure go to zero; i.e., the interface force between the payload
and the mounting structure if the payload had infinite apparent weight (zero

in.rtance).

The blocked force evolves analytically as follows. The interface force
between the payload and its mounting structure is related to the interface

acceleration, A(f), by
F(f) = Wp(f) A (f) (17)

where Wp(f) is the driving point apparent weight of the payload. Solving for
wp(f) in Eq. 17 and substituting into Eq. 7 yields

F(f) = Fp(f) - Fp(f) (18)
where

FB(f) - Ws(f)As(f) = blocked force
FR(f) - Ws(f)A(f) = reaction force

23




Given a vibration test specification calling for an input vibration
autospectrum of CTT(f), the autospectrum of the blocked force for all
components covered by that test specification can be estimated conservatively

by
Gpp(E) = Vo (£)]%Grp(f) (19)

where |Wse(f)|2 is the squared magnitude of a conservative envelope of the

apparent weight of the various attachment points on the mounting structure.

It is important to understand that the blocked force is not a theoretical
limit on the interface force that might occur in the service environment at

all frequencies. Specifically, from Eq. 18,
|[FCE)| = |Wg(E)[A(E) - Aa(f)]] (20)

meaning |F(f)| > |FB(f)| at those frequencies where A(f) > 2A_(f). This may
happen at the lower frequencies, below the first normal modes of both the
mounting structure and the payload, where the mounting structure appears
essentially as a spring and the payload appears essentially as a mass. The
apparent weight for a spring has a phase angle near -180 degrees, while the

apparent weight for a mass has a phase angle near 0 degrees. From Eq. 7,

A(E) We ()
- (21)
A (E) Ug(£) + W, (f)

Hence, if Wp(f) = -Ws(f), A(E) » As(f). In fact, the only reason A(f) - ¢ is
that ws(f) + Wp(f) in the denominator of Eq. 21 will have a small imaginary
component due to damping; i.e., the phase for W (f) will always be a little
greater than -180 degrees, and the phase for Wp(f) will always be a little

less than O degrees.
In practice, the above problem cannot occur at the frequency of a payload

resonance, because the payload apparent weight will always have a phase near

-90 degrees and hence, can never be out of phase with the mounting structure,
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whose apparent weight phase is bounded by 0 and -180 degrees. The same will
be true at the higher frequencies where the mounting structure becomes damping

controlied with an apparent weight phase of -90 degrees.

It follows that the blocked force should always constitute a limit on the
actual input force to the payload in its service environment at those
frequencies of greatest concern, namely, the resonance frequencies of the
payload. At frequencies below the first normal modes of both the mounting
structure and the payload, the possibility of an under-test using the blocked
force as a limit on the shaker input force should be fully negated by the
enveloping procedure used to generate the vibration test specification (to be

discussed further in Section 3).
To perform a blocked force limit test, it is necessary to determine the
interface force on the payload applied by the shaker at the specified test
level GTT(f)' From Eq. 10,

F(f) = R(E)C(E) - Wy A(E) (22)
The autospectrum of the interface force is then given by Eq. 16 as

Gpp(£) = [K(£)|260c(£) + Wp? Gua(E) - 2 Wp Re[K(£)Gea(E)] (23)

A block-force-limit vibration test would be performed by calculating the force
spectrum in Eq. 23, and reducing the shaker current as required to make Gpp(f)
- GBB(f) at all frequencies where GFF(f) > GBB(f). The limiting of the test
levels will occur primarily at the frequencies of major payload resonances.
However, a very heavy payload may lead to a limiting of the test levels at

other frequencies as well.

To clarify this matter further, it follows from Eqs. 17 and 18 that the

blocked force limit requires that

Grp(£) = [Wo () |26, (£) < Gpg(£) = |W o ()| 207 (H) (24)
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Hence, the blocked force limit on the shaker table motion is given by

e (0]°
Gap(f) < — Gpp(£) (25)
LEN¢

This result says that the blocked force will be exceeded before the shaker
table motion reaches the specified test level, GTT(f), at all frequencies
where the driving point apparent weight of the payload exceeds the source
apparent weight of the mounting structure. Hence, if the apparent weight of
the payload is known, Eq. 25 could be used to determine the final test levels.
However, by using the force restriction in Eq. 23, a measurement of the
driving point apparent weight of the payload is not required; it is implicit

in Eq. 23.
A procedure for a blocked force limit test is as follows:

1. Set up the shaker control system to monitor the armature current as well

as the table acceleration.

2. Attach the payload to the shaker, and apply a broadband random
excitation which is well below (by at least 20 dB) the specified test

levels in Figure 2.

3. Compute the autospectrum of the shaker armature current, CCC(f), the
autospectrum of the shaker table acceleration, GAA(f), and the cross-

spectrum of the armature current and table acceleration, GCA(f).
4. Compute the autospectrum of the shaker interface force, Gpp(f), using
Eq. 23, and compare to the autospectrum of the blocked force, Gpp(f),

given by Eq. 19.

5. At all frequencies where GFF(f) > GBB(f), reduce the shaker current as

required to make CFF(f) = CBB(f)'

6. Repeat the above steps in an iterative manner as the shaker vibration

level is increased until the shaker vibration levels at all frequencies
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are GAA(f) = GTT(f) or such that GFF(f) = CBB(f), wvhichever occurs

first.

The advantages of the blocked force limit procedure are:

(V)

The procedure requires no knowledge of the driving point apparent weight

of the payload (this information is inherent in the calculations).

The procedure is not vulnerable to errors due to nonlinear resonant
responses of the payload since it is an iterative procedure which

applies control up to the final test level.

The procedure will automatically make a mass load correction for heavy
payloads, as well as provide accurate notching at the frequencies of

major payload resonances.

The major disadvantages of the blocked force limit procedure are:

The procedure will require a modification of present vibration shaker
equalizer systems to include the monitoring and control of armature
current, as well as table acceleration, and on-line computing

capability.

There may be difficulties implementing the procedure on shakers that do
not nave a linear relationship between armature current and table

motion, such as certain large Unholtz-Dickie shakers.

2.4.3 Apparent Weight Simulation Procedures

This approach, which was originally proposed by Ratz (Appendix A, [5-2]),

controls the shaker table motion to reproduce the input motion to the payload

that would occur in service, assuming the specified test level spectrum,

CTT(f), were the unloaded vibration response of the mounting structure.

Specifically, from Eqs. 18 and 22, it follows that

Wg(£)AG(£) = K(£)C(F) + [Wg(f) - Wpla(f) (26)
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In terms of spectral density functions

Ggs(E)e = LIK(E)Y[2Gec(E) + W (E)|2G () +
2Re [K(EIW *(E)Gep(£) 1) /|Wg(E) |2 (27)

where

Wo(£) = Wg(f) - Wp

and Ggg(f). is a computed autospectrum of the unloaded mounting point
vibration that would correspond to a loaded mounting point vibration spectrum,

Gan(E).
A procedure for an apparent weight simulation test is as follows:

1. Set up the shaker control system to monitor the armature current as well

as the table acceleration.

2. Attach the payload to the shaker, and apply broadband random excitation
which is well below (by at least 20 dB) the specified test levels in

Figure 2.

3. Compute the autospectrum of the shaker current, Gee (), the autospectrum
of the shaker table acceleration, GAA(f), and the cross-spectrum of the

armature current and table acceleration GCA(f).

4, Compute the autospectrum of the pseudo-mounting structure acceleration,
Gss(f)c, using Eq. 27, and compare to specified vibration test spectrum,

GTT(f) in Figure 2.
5. Slowly increase the shaker test level to obtain, at all frequencies, a

computed Gss(f)C - CTT(f)' the specified test level, except for the
restriction that GAA(f) < GTT(f)'
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The advantages of the apparent weight simulation procedure are as follows:

o~

Assuming Gpp(f) represents an accurate measure of the unloaded mounting
point vibration in service, the procedure provides an accurate

simulation of the service input vibration to the payload.

The procedure requires no knowledge of the driving point apparent weight
of the payload; as for the blocked force limit procedure, this

information is inherent in the calculations.

The procedure is not vulnerable to errors due to nonlinear resonant
responses of the payload, since it is an interactive procedure which

continuously corrects the levels up to the final test level.

The procedure will automatically make a mass load correction for heavy
payloads, as well as provide accurate notching at the frequencies of

payload resonances.

The major disadvantages of the blocked force limit procedure are as follows.

The procedure will require a real time computer in the shaker equalizer

system to compute the desired test level signal for equalization.
The procedure may be difficult to implement on certain large Unholtz-
Dickie shakers, which do not have a linear relationship between armature

current and table motion.

The procedure has no inherent conservatism, except for conservative

values of GTT(f) and Ws(f).
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3. PARAMETRIC STUDY

3.1 Purpose of Study

The parametric study had the objective of providing insight into the roles
played by different parameters in determining the response of the mounting
point and payload when the payload is attached to the structure. In addition,
the influence of various representations of parameters, such as mounting point
impedance and unloaded vibration spectra, on the computed response of the
loaded structure and payload, was investigated. In practice, these
representations could result from empirical modelling of the functions, based
on test or launch data, when detailed phase information is lost or when
averaged values are obtained for a number of mounting points. The results of

the parametric study are presented in this section.

3.2 Description of Model Structure

The model structure used for the parametric study consists of a flat (6 ft x &
ft) panel with four stiffeners, two parallel to each axis of the panel. The
stiffeners provide a region in the middle of the panel that should be
reasonably free from the influences of the panel edge conditions. Simple
payloads can then be attached to the panel in this middle region. The
payloads of interest are single-degree-of-freedom systems, each of which
consists of a mass, spring and damper. The payload is attached to four
mounting points on the panel by means of a rigid link, as shown in Figure 4.
The four mounting points on the structure, 1(a) through 1(d), are shown in
Figure 5. The general characteristics of interest are well represented by
this model, without the difficulties in interpretation that would be

introduced by a multi-degree-of-frredom model.

The panel was modeled on the computer using MSC NASTRAN finite element codes;
one quarter of the panel is shown in Figure 6. A typical stiffener considered
in the analysis is shown in Figure 7. Calculations were performed to get
estimated values of the natural frequencies. Typical results are given in
Table 2 for symmetric-symmetric modes, with panel edge conditions assumed to

be either simply-supported or fixed (built-in); an example of computed mode
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Table 2. Summary of Symmetric - Symmetric Normal Modes

| Mode ( Natural Frequencies (Hz) |
LRl |
| No. | Simple Supports¥| Built-in* |
(R [=mrmmmmm e [ === I
| I I |
| 1 | 39.7 | 73 |
| 2 | 70.7 | 92 |
| 3 | 77.0 | 93 |
| 4 | 87.5 ! 96 |
| 5 i 111.1 | 134 |
| 6 | 124.2 | 150 |
| 7 | 139.6 | 160 |
| 8 | 183.8 | 228 |
| 9 | 199.8 | 236 |
| 10 ] 211.0 ] 244 }
| I I (

* Boundary Conditions

Simple supports: y=0, dy/dx=0, M=0
Built-in or fixed: y=0, dy/dx=0, M=0

where y=displacement

dy/dx = slope

M = moment
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shapes associated with the simply-supported boundary conditions is given in

Figure 8.

The parameters to be varied in the parametric studies are the mass, stiffness
and damping of the payload. However, it is more convenient to use payload
resonance frequency as a parameter instead of stiffness. Then, the resonance
frequency can be chosen to lie below, at, or above the fundamental frequency
of the supporting panel. The corresponding stiffness of the payload can be
calculated from the mass and frequency. The values selected for the

parameters in the parametric study are:

Payload weight W: 25, 50, 100, 200, 400 1b
Payload resonance frequency fn: 20, 40, 80, 160, 10,000 Hz
Payload loss factor: 0.004, 0.01, 0.025, 0.0625, 0.1563

With one exception, the values were selected to be in constant ratios of 2 or
2.5. The exception is the highest resonance frequency of 10,000 Hz which was
selected to represent the upper-bound condition given by a mass attached

directly to the supporting structure without any intervening spring.

3.3 Response Equations

The parametric studies on the 1l-dof system were to be performed mainly with
the use of closed form equations. However, finite element modelling was used
to calculate the response power spectral density, at the payload mounting
peint on the unloaded panel, due to reverberant excitation and the (complex)
point impedance of the structure at the mounting point. The impedance is the

complex ratio of force to velocity at the point of interest.

For purposes of the finite element analysis, calculations of panel response

were restricted to symmetrical modes so that the motion of the panel would be
in-phase at all four mounting points for the payload. The size of the finite
element model was minimized by modelling only one quarter of the structure (as
shown in Figure 6) and using conditions of symmetry along the panel axes. The

edges of the panel were assumed to be simply-supported.
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(¢) Mode 3; 77.0 Hz

(b) Mode 2; 70.7 Hz

(a) Mode 1, 39.7 Hz

MODE SHAPES FOR SIMPLE STRUCTURE WITH

SUPPORTED BOUNDARIES.

EXAMPLE
SIMPLY-

FIGURE 8.
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The two responses of interest in the present study are the motion of the
structure/payload interface and the motion of the payload mass. The motion of
the interface and impedance Z,(f) of the structure at the mounting points were
computed for the unloaded condition using finite element analysis methods.

The impedance Zs(f) is defined by
Zg(£) = Fg(£)/Vg(£) (28)

where Fs(f) and Vs(f) are the Fourier transforms of the applied force and
resultant response velocity, respectively, at the payload mounting point. If
the four mounting points are symmetric with respect to the panel, and those
points move in phase with the same amplitude (only symmetric modes of the
panel are in motion), then the panel motion can be completely described by the
velocity, v (t), at a single mounting point and only a single mounting point
impedance must be computed. The impedance (mobility, inertance, apparent
weight) at each mounting point is calculated using only the symmetric modes of
vibration. This value is not that which would be experimentally measured with
a force/velocity instrument, for that device would excite and measure response
of all modes. 1In a like manner, an idealized, symmetric payload having an
equivalent single point payload impedance (mobility, inertance, apparent
weight) is defined. When this payload is mounted on the above described
panel, it moves in a rectilinear manner (no rotational motion). Then the
motion of the interface, when loaded by a particular payload, can be

calculated using the equation
Cyx () = Gy (£)/ 1+ [2,(£)/25(£)) ]2 (29)

where ny(f) is the autospectrum of the motion of the interface when the
structure is unloaded (i.e. there is no payload) and Gxx(f) is the motion of
the interface when loaded by the payload. Motion can be expressed in terms of
displacement, velocity or acceleration and Eq. (29) is applicable in all cases
since the denominator on the right-hand side of the equation is non-
dimensional. In practice, acceleration is most commonly used since it can be
easily measured. However, in the present parametric study, displacement is
sometimes used as an alternative. Zp(f), the impedance of the payload, is

given in closed form by (9]

36




2,(£) = em{ume + jle? - (km - K270 ])1/1c? + (um - k/w)?] (30)

Once Gxx(f) has been calculated, the corresponding response, Gpp(f), of the
payload can be calculated from
Cpp(£) = [H(E) |26, (£) (31)

where G, (f) is given by Eq. (29) and, assuming hysteretic damping, the
frequency response function, H(f), of the system to an acceleration input from

the structure, is given by

HOE) = (1 + jnl/I1 - (£/£)% + jn) (

W
ro
~-

The symbols used in Egs. 29 through 32 are defined as:

f,, = undamped natural frequency

n = loss factor = 2 x damping ratio
k = spring constant

m = mass

¢ = damping coefficient
io=-1t?

It was decided that hysteretic damping was more representative of typical

payload damping than was viscous damping. The corresponding form of Eq. 32

for viscous damping would be

HOE) = (1 + J20£/£01/11 - (£/€)% + 520£/£,) (33)
where ¢ is the viscous damping ratio.
The preceding analysis is applicable o